Purpose: We performed a single-arm phase II study of cediranib, a pan-VEGFR tyrosine kinase inhibitor, in patients with advanced hepatocellular carcinoma (HCC).
STATEMENT OF TRANSLATIONAL RELEVANCE
The current standard of care in advanced hepatocellular carcinoma (HCC) is sorafenib, an anti-vascular endothelial growth factor (VEGF) receptor (VEGFR) tyrosine kinase inhibitor (TKI). The modest efficacy of sorafenib, the recent failures of multiple other TKIs and the continuing development of other anti-VEGF agents in HCC further emphasized the urgent need for understanding their mechanism of action and identifying biomarkers of efficacy and toxicity. We undertook an exploratory phase II trial of cediranib, a pan-VEGFR TKI, in advanced HCC patients. The results of this translational study show that therapy with cediranib-as seen with other antiangiogenic agents-might benefit only a fraction of HCC patients and that mechanism-based blood biomarkers might potentially be useful in identifying these patients. Translation of this concept in clinical practice will require biomarker-driven randomized trials for patient stratification. 
INTRODUCTION
Hepatocellular carcinoma (HCC) is the sixth most common cancer and the third most common cause of cancer related mortality worldwide (1) . Two randomized phase III trials have demonstrated that sorafenib-a multitargeted tyrosine kinase inhibitor (TKI)-improved survival in patients with advanced HCC (2, 3) . However, during the time since the FDA approval of sorafenib and its worldwide clinical application, it has become increasingly evident that the therapeutic benefits of sorafenib are relatively modest. Moreover, the actual mechanisms mediating the therapeutic effects or resistance to anti-VEGF therapy with TKIs, as well as their adverse effects remain unclear.
Emerging evidence supports the role of angiogenesis in hepatocarcinogenesis and suggests the potential for inhibiting this pathway as a therapeutic strategy in HCC (4) (5) (6) (7) . Excessive and abnormal vasculature, presumably due to up-regulation of growth factors including vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF), is one of the hallmarks of HCC (8) . It is possible that sorafenib exerts its antiangiogenic effects by targeting VEGF receptor 2 (VEGFR2), VEGFR3 and PDGF receptor beta (PDGFR-β), although a direct effect on tumor cells by targeting the RAF signaling pathway has also been invoked (9, 10) . Cediranib is an orally available pan-VEGFR TKI with a biological half-life of 22 hours that facilitates a convenient once a day dosing schedule (11). Cediranib is a more potent and selective VEGFR TKI and has a subnanomolar 50% inhibitory concentration for VEGFRs with additional activity against other growth factor receptor kinases but not against RAF (11).
To evaluate whether cediranib is safe and effective in patients with advanced HCC, we conducted a phase II study of cediranib to assess its efficacy and safety profiles. In exploratory studies, we also examined the cediranib-induced circulating angiogenic and inflammatory biomarkers and its steadystate pharmacokinetics (PK) in a subset of patients with advanced HCC.
Research. 
PATIENTS AND METHODS

Patient Population
The trial was approved by the multi-Institutional Review Board at Dana-Farber/Harvard Cancer Center, Boston, MA, and by the Cancer Therapy Evaluation Program (CTEP), National Cancer Institute (trial NCT00427973/CTEP-7147). All patients provided written informed consent before study participation.
Eligibility criteria included histologically proven, measurable, locally advanced, or metastatic HCC; first line as well as any prior chemotherapeutic and biologic regimens; prior chemoembolization therapy was allowed only if performed more than 4 weeks before study entry and measurable disease outside of the chemoembolization field was present; age ≥18 years; Eastern Cooperative Oncology Group (ECOG) performance status of 0-2; Cancer of the Liver Italian Program (CLIP) score <3; and adequate bone marrow, renal, and hepatic function (absolute neutrophil count ≥1,000/μL, hemoglobin ≥8g/dL, platelet count ≥75,000/μL; serum creatinine ≤2.0mg/dL; total bilirubin <3.0mg/dL, and aspartate aminotransferase and alanine aminotransferase ≤7 times upper normal limit). Exclusion criteria included concurrent malignancies; significant medical comorbidities including active infection, congestive heart failure, myocardial infarction, serious uncontrolled cardiac arrhythmia, and unstable angina; uncontrolled hypertension; active bleeding; proteinuria at baseline (>1g/d); pregnancy or lactation; known brain metastases; prolonged QTc (Mean QTc >470msec for men and >490msec for women); impairment of gastrointestinal function or gastrointestinal disease that may alter the absorption of cediranib. This study was designed and approved in 2005 before the FDA approval of sorafenib for HCC.
Study Treatment
Eligible patients received cediranib 30-mg orally once every day without interruption until disease progression, unacceptable toxicity, or withdrawal of consent. Four weeks of the study drug were considered to be one cycle of treatment. Patients were instructed to take the drug either 1 hour before or 2 hours after meals. Doses that were not taken for any reason or expelled when vomiting were not retaken. Cediranib was interrupted and supportive management instituted for grade 3 to 4 hematologic or grade 3 nonhematologic toxicities. Patients with grade 3 or 4 toxicities underwent dose reduction to 20-mg daily, if resolution of the toxicity to less than grade 2 occurred within 21 days; otherwise, treatment was discontinued. A dose of 10-mg daily was considered after consultation with NCI for patients who were benefiting from the treatment and were on study ≥3 months. Specific dose reduction instruction for hypertension and proteinuria were provided in the protocol.
On-study evaluations included toxicity assessments, measurement of peripheral-blood counts and a full chemistry panel weekly during cycle 1 and every other week for cycle 2 and beyond. Serum alphafetoprotein (AFP) was measured monthly in the central MGH Lab. Patients were evaluated with computed tomography (CT) or magnetic resonance imaging (MRI) every 8 weeks to evaluate response and progression. Data were evaluated by independent radiologic review using RECIST criteria (12) as well as per modified (m)RECIST criteria (13, 14) .
Circulating Biomarker Analyses
Peripheral blood was obtained from all patients enrolled at the MGH site (n=12) for studies of early changes in circulating proangiogenic and proinflammatory molecules and cells, as previously described (15) . Blood samples were collected in EDTA-containing tubes before and after cediranib therapy on days 1 and 14 of cycle 1. Plasma was harvested by centrifugation and stored at -80ºC.
Circulating VEGF, placental growth factor (PlGF), sVEGFR1, basic fibroblast growth factor (bFGF), interleukin (IL)-6, IL-8, transforming growth factor α   TNFα), gamma interferon (IFN-γ) were measured using multiplex ELISA plates from Meso-Scale Discovery (Gaithersburg, MD). Hepatocyte growth factor (HGF), insulin-like growth factor 1 (IGF-1), sVEGFR2, angiopoietin 2 (Ang-2), sTie2, soluble c-KIT, carbon anhydrase 9 (CAIX), and stromal cell-derived factor-1α (SDF1α) were measured using ELISA kits from R&D Systems (Minneapolis, MN). All samples were assayed in 
Endpoints and Statistical Methods
The primary endpoint of this study was PFS rate at 3 months. We applied a two-stage design, with maximum sample size set at 34 evaluable patients. The study was to be terminated early and considered negative if ≤47% out of first 17 patients survived 3 months progression-free. After the second stage, the study would have been considered positive if at least 20 out of 34 evaluable patients (59%) had survived progression-free 3 months. This design yielded at least 90% power to detect a true 3-month PFS rate of at least 69%. It yielded at least 0.90 probability of a negative result if the true 3-month PFS rate was no more than 47%, with at least 0.60 probability of early negative stopping.
Secondary endpoints included overall response rate, toxicity, and overall survival (OS). The KaplanMeier method was used to estimate the distribution of PFS and OS. We considered patients free of disease progression until evidence of progression was found in a serial CT/MRI evaluation. Changes in biomarker levels, expressed as ratios of on-study to baseline values, were tested using exact paired Wilcoxon test. P values were adjusted for multiple comparisons over time using method of Genovese et al. (16) . Correlations of PFS and OS with log-transformed biomarker levels were tested using twosided Wald test in Cox regression. Correlations of biomarkers with the number of adverse events were quantified as Kendall's correlation coefficients and tested using Kendall's test. Missing measurements were excluded from analysis. The analyses were performed using R system (R Foundation for Statistical Software) or SAS 9.2 (SAS Institute, Cary, NC).
RESULTS
Patient Characteristics
The study enrolled the targeted 17 patients for the first stage between June 2009 and January 2010. All patients were evaluable for efficacy and toxicity based upon intent to treat analysis. Baseline characteristics of the patients enrolled are summarized in and 2 women (12%), with a median age of 66 years (range, 46-78 years). Median ECOG performance status was 1 (range, 0-2). Fourteen patients (82%) had underlying Child-Pugh A cirrhosis and 9 (53%) had hepatitis B or C infection. All patients had BCLC stage C and 13 (76%) had extrahepatic disease.
Fourteen patients (82%) had received prior systemic therapy including 10 (59%) who had received prior sorafenib at least 4 weeks prior to cediranib treatment. The median serum bilirubin level was 0.6 mg/dL (range, 0.2-2.4mg/dL) and AFP level was 3001 ng/mL (range, 2.1-1,348,100) at time of study entry.
Toxicity
A total of 77 treatment cycles were administered, with a median of 3 cycles per patient (range: 1-15).
Cediranib treatment was tolerated with manageable adverse effects at the 30-mg daily schedule. The most common all grades adverse events, that were considered to be at least possibly related to cediranib, included fatigue, transaminase elevations (SGOT and SGPT), hyponatremia, diarrhea, nausea, hyperbilirubinemia, hypertension, myelosuppression, anorexia, and proteinuria ( Table 2) .
Grade 3 toxicities included hypertension (29%), hyponatremia (29%), hyperbilirubinemia (18%), elevated SGOT (12%) and one patient each (6%) in SGPT, fatigue, cardiac ischemia, hematemesis, and proteinuria. Grade 4 pulmonary embolism and hyperbilirubinemia occurred in one patient each.
One patient with metastatic HCC and underlying coronary artery disease, s/p stent placement on aspirin and plavix, recent pulmonary embolism on lovenox, received cediranib for 4 weeks and tolerated without complications other than stable fatigue. This patient presented with unwitnessed fall with mental status change and was found to have large left subdural hemorrhage and transtentorial herniation leading to death. Despite the uncertainty of causality, the possibility that this event could have been caused by the investigational agent cannot be entirely discounted.
Clinical Efficacy
Research. (Figure 1A) , and the median OS was 11.7 months [95% CI: 7.5-13.6 months] (Figure 1B) . The estimated three-month PFS rate was 77% [95% CI: 60%-99%].
The best response was stable disease (SD), which was seen in 5 patients (29%) (Four of 5 patients had received sorafenib). Using mRECIST, only one patient had unconfirmed partial response on initial post-treatment scan (classified as SD per RECIST); all other assessments were consistent with RECIST. Despite reaching the pre-specified goal for the first stage of the trial, the study was stopped and did not proceed to the second stage after reviewing the development program of cediranib by AstraZeneca for reasons unrelated to this study.
PK Study
The C min ss of cediranib was estimated for 16 patients and data required to estimate the AUC τ ss was obtained from 12 patients. Mean values of the steady-state PK parameters for cediranib in these are presented in Table 3 together with comparative data for the same dose and schedule of the drug from a previously reported clinical trial involving solid tumor patients with generally acceptable liver function tests (17) . The differences between the mean values of the PK parameters between the two populations of patients were not greater than approximately 20%. The potential existence of a correlation between values of the PK parameters and Child-Pugh classification of individual patients could not be assessed because only three patients were Child-Pugh B whereas all others were Child-Pugh A.
Exploratory Analysis of Circulating Biomarkers
Increases in plasma PlGF and VEGF were observed as early as day 1 after beginning treatment with cediranib and elevated levels were maintained at day 14 ( Table 4) . Moreover, cediranib treatment induced a rapid decrease in plasma sVEGFR1 and Ang-2, and a more delayed decrease (at day 14) in sVEGFR2 ( change at these time-points (Suppl . Table S1 ). However, there was a non-statistically significant trend for an increase in SDF1α (day 14) and for decrease in plasma IL-6 and HGF (day 1) and sTie2, TNF-α and soluble c-KIT (day 14) after cediranib treatment (Suppl . Table S1 ).
Exploratory correlative analyses showed a significant association of several biomarkers at baseline and on cediranib treatment with PFS, OS, PK parameters and toxicity in these HCC patients. At baseline, higher plasma levels of sVEGFR1 (HR=10.68), Ang-2 (HR=5.32), TNF-α (HR=31.25), CAIX (HR=1.63) and higher CPC counts (HR=10.68) were significantly correlated with a shorter OS after cediranib treatment (p<0.05, Table 5 ). Moreover, higher baseline plasma levels of VEGF (HR=2.51), sVEGFR2 (HR=213.32) and bFGF (HR=2.06) were significantly correlated with shorter PFS after cediranib treatment (p<0.05, Table 5 ). For on-treatment biomarkers, OS was directly associated with changes in sVEGFR2 at day 1 (HR=557.87), while PFS was directly associated with changes in bFGF (HR=3.32) and IGF-1 (HR=35.17) and inversely associated with changes in IFN-γ (HR=0.03) (p<0.05, all at day 14) ( Table 5) . No significant associations were seen for plasma levels of PlGF, HGF, IL-1β, IL-6, IL-8, and soluble c-KIT with outcome of cediranib treatment at baseline or on-treatment (data not shown).
The increase in plasma PlGF (at day 1) and the decrease in plasma sVEGFR2 (at day 14) associated directly with AUC τ and C min , respectively (Suppl . Table S2 ).
Finally, the number of adverse events (AEs) after cediranib treatment was inversely correlated with pretreatment concentrations of sVEGFR1, VEGF and Ang-2 in plasma (Suppl. Table S3 ). The number of serious AEs (grade 3 and higher) after cediranib treatment was inversely correlated with pretreatment concentration of plasma IFN-γ and number of CPCs (Suppl . Table S3 ). Cediranib induced an increase in blood hemoglobin over the first 4 weeks of treatment (Suppl. 
DISCUSSION
Novel therapies are urgently needed for advanced HCC. With the advent of sorafenib development, there has been renewed hope for systemic antiangiogenic therapies in this setting (17) . Sorafenib is an inhibitor of the VEGF pathway, but has clearly a multi-targeted TKI activity (9, 10) . This CTEPsponsored phase II study was designed to assess the efficacy and tolerability of a potent and more selective pan-VEGFR TKI-cediranib-in patients with advanced HCC. To gain insight into the role of VEGF inhibition, we also evaluated in exploratory studies the steady-state PK of the TKI agent and circulating angiogenic and inflammatory biomarkers for cediranib treatment in HCC.
When used as monotherapy, cediranib has been often tested using a 45-mg daily schedule and was generally well tolerated (15) . However, in a prior study in advanced HCC the use of cediranib at 45-mg daily led to toxicity in 93% of the patients, including grade 3 or above adverse events including fatigue (46%), anorexia (25%) and hypertension (21%) (18) . In our study, we have observed a different tolerability profile with cediranib given at 30-mg daily. Grade 3 events of fatigue and anorexia were low (5% and 0%, respectively). However, as seen with other anti-VEGFR TKIs, we observed a high incidence of grade 3 hypertension (29%), which was manageable with medication. We also observed a high incidence of hyponatremia (65% grade 1-4 including 29% grade 3) and hyperbilirubinemia (41% grade 1-4 including 18% grade 3 and 6% grade 4). While most of these patients have received prior systemic treatments, the potential effect of cediranib on worsening underlying cirrhosis should be further explored. In addition, rare bleeding events and pulmonary embolism, known to be associated with antiangiogenic agents, were observed in our study and warrant further evaluation. The safety experience with cediranib dosing in advanced HCC was similar to the cediranib experience in patients with small cell lung cancer (19) as well as with the experience with sunitinib (a broader spectrum TKI) in advanced HCC (20, 21) in that the higher dose schedule was associated with more severe toxicities.
Only modest evidence of antitumor activity (disease stabilization) was found in this small cohort of 17 HCC patients treated with cediranib. The median PFS (5.3 months) and OS (11.7 months) in this group of patients compared favorably to data reported with 45mg daily dosing of cediranib in advanced HCC (TTP of 2.8 months and OS of 5.8 months) (18) . This is likely due to the longer duration of treatment at 30-mg daily dosing. In addition, patient selection bias in different trials due to the heterogeneity of HCC may contribute to the different results. Three-month PFS was calculated in this study with an assumption that patients were free of progression until progression was found in a subsequent CT/MRI scan. This may have introduced a bias in favor of longer PFS, due to delay in ascertainment of the progression occurring between exams. In particular, 4 patients who were found to have a progression during 16-week MRI performed on study day 99, 106, 106, and 117 were deemed progression-free at 3 months for the purpose of this analysis. Selection of PFS rate at 3 months as primary endpoint was not based on well-established historic data, as there was a paucity of published data on the natural history of advanced HCC for targeted agents and on the selection of an optimal endpoint when this study was designed (2004) (2005) . Unfortunately, this study did not proceed into the planned second stage after the sponsor evaluated the overall clinical development program of cediranib in oncology and decided to discontinue this trial. Therefore the information on clinical efficacy of cediranib was limited due to the small sample size and early stoppage. This study represents the first attempt to evaluate the PK of cediranib in a cohort of patients with underlying Child-Pugh A or B cirrhosis. The mean steady-state PK parameters of cediranib in patients with advanced HCC were largely comparable to values that have been reported for solid tumor patients with generally acceptable liver function tests (17) . Despite the small size of this cohort, these findings suggest that degree of hepatic dysfunction presented in the advanced HCC patients evaluated in this study did not have a clinically significant effect on the plasma PK of cediranib.
In spite of the exploratory nature of our biomarker studies, several observations stood out and are consistent with previous data from studies of anti-VEGF agents in HCC and other cancers. Cediranib increased plasma concentrations of PlGF and VEGF, and decreased the concentrations of plasma sVEGFR1 and sVEGFR2 (two main targets of cediranib) and Ang-2. While these data are consistent across most studies of anti-VEGF agents (22) , future studies should establish if these dynamic biomarkers have PD biomarker value, as suggested by our analysis for PlGF and sVEGFR2.
Moreover, we found significant associations between plasma biomarkers and outcome, which are also consistent with previous results. First, we found an association of high pretreatment VEGF, CAIX (a putative surrogate biomarker of hypoxia) and Ang-2 levels with rapid progression. This indicates that tumor hypoxia and expression of hypoxia-induced factors such as VEGF and Ang-2 may be detectable in circulation and could be a poor prognosis biomarker in HCC-even after anti-VEGF therapy-as previously seen in our HCC studies (1) . In addition, circulating levels of the pro-angiogenic factors bFGF (at baseline and on-treatment) and IGF-1 (on-treatment) correlated with poor outcome. The dual VEGFR/FGFR TKI brivanib alone failed to meet its primary endpoint of improving OS versus placebo in HCC patients who have progressed on sorafenib as well as in the first line setting when compared with sorafenib. Agents targeting IGF-1R are currently being tested in combination with sorafenib in phase I/II trials.
Second, high levels of sVEGFR1 (an active endogenous inhibitor of PlGF and VEGF) and sVEGFR2 were associated with poor survival. While the significance of sVEGFR2 (a relatively abundant protein in human plasma) remains unknown, the correlation with sVEGFR1 is consistent with our findings in colorectal, brain and breast cancer patients treated with anti-VEGF agents (23) (24) (25) (26) . This is supporting the hypothesis that cancer patients with high endogenous inhibition of VEGF pathway are less likely to respond to anti-VEGF therapies (23) . This hypothesis is further supported by the observation that HCC patients with high circulating levels of sVEGFR1-as previously seen in rectal and breast cancer patients treated with anti-VEGF therapy-experienced fewer AEs after cediranib treatment (23, 26) .
Third, we found significant correlations between outcome and putative prognostic inflammatory biomarkers: TNF-α concentration and hematopoietic CPC counts at baseline. This is consistent with the potentially critical role of inflammation in HCC response and resistance to anti-VEGF agents (27) . Finally, an increase in circulating IFN-γ was significantly associated with a longer PFS. This suggests the possibility of an anti-tumor immune response elicited by anti-VEGF therapy. This is consistent with our results using sunitinib in advanced HCC patients, and in line with preclinical evidence (27, 28) . Albeit promising, these exploratory results need to be confirmed in larger randomized studies, which should also establish if any of these biomarkers have prognostic or predictive value.
In addition to plasma sVEGFR1, baseline levels of plasma VEGF, Ang-2 and IFN-γ and CPC number were also inversely associated with AEs. These associations also need to be further validated and their significance remains to be clarified. We also evaluated the changes in weekly standard laboratory blood tests. Similar to sunitinib experience in HCC (27) , cediranib induced a mild increase in blood hemoglobin, potentially by relieving the VEGF suppression of erythropoietin production by the liver (29) . However, unlike sunitinib, cediranib did not induce bone marrow suppression (27) . This could be due to the lower magnitude of off-target effects of cediranib versus sunitinib.
In conclusion, cediranib at 30mg daily was associated with a high frequency of grade 3 hypertension, hyponatremia, hyperbilirubinemia and showed preliminary evidence of antitumor activity in advanced HCC patients. Exploratory studies further suggested potential PD and response biomarkers of anti-VEGF therapy. Cediranib exhibited similar steady-state PK in HCC patients as in those with other tumor types and normal to near normal hepatic function. While the clinical development of cediranib has been discontinued because of a corporate level decision, the hypothesis-generating findings of this study re-emphasize that successful development of antiangiogenic therapy in HCC will likely require the use of mechanism-based biomarkers to enrich for the fraction of patients more likely to respond to agents in this class and to identify new targets. 
